Abstract: Heart rate variability (HRV), an established index of autonomic cardiovascular modulation, is associated with health outcomes (e.g., obesity, diabetes) and mortality risk. Time-and frequency-domain HRV measures are commonly reported in longitudinal adult and pediatric studies of health. While test-retest reliability has been established among adults, less is known about the psychometric properties of HRV among infants, children, and adolescents. The objective was to conduct a meta-analysis of the test-retest reliability of time-and frequencydomain HRV measures from infancy to adolescence. Electronic searches (PubMed, PsycINFO; January 1970-December 2014 identified studies with nonclinical samples aged 18 years; ! 2 baseline HRV recordings separated by ! 1 day; and sufficient data for effect size computation. Forty-nine studies (N = 5,170) met inclusion criteria. Methodological variables coded included factors relevant to study protocol, sample characteristics, electrocardiogram (ECG) signal acquisition and preprocessing, and HRV analytical decisions. Fisher's Z was derived as the common effect size. Analyses were age-stratified (infant/toddler < 5 years, n = 3,329; child/adolescent 5-18 years, n = 1,841) due to marked methodological differences across the pediatric literature. Meta-analytic results revealed HRV demonstrated moderate reliability; child/adolescent studies (Z = 0.62, r = 0.55) had significantly higher reliability than infant/toddler studies (Z = 0.42, r = 0.40). Relative to other reported measures, HF exhibited the highest reliability among infant/toddler studies (Z = 0.42, r = 0.40), while rMSSD exhibited the highest reliability among child/adolescent studies (Z = 1.00, r = 0.76). Moderator analyses indicated greater reliability with shorter test-retest interval length, reported exclusion criteria based on medical illness/condition, lower proportion of males, prerecording acclimatization period, and longer recording duration; differences were noted across age groups. HRV is reliable among pediatric samples. Reliability is sensitive to pertinent methodological decisions that require careful consideration by the researcher. Limited methodological reporting precluded several a priori moderator analyses. Suggestions for future research, including standards specified by Task Force Guidelines, are discussed.
Heart rate variability (HRV) reflects the variance in time between consecutive sinoatrial depolarizations (i.e., NNintervals) and is an established index of autonomic cardiovascular modulation. Commonly reported time-and frequency-domain HRV measures, typically derived using continuous electrocardiogram (ECG) recordings and specialized analysis software programs, each provide a unique and nuanced perspective of autonomic functioning (Ernst, 2014; Kleiger, Stein, & Bigger, 2005) .
Mathematically derived time-domain measures include the standard deviation of NN-intervals (SDNN; reflecting parasympathetic, sympathetic, and circadian influences), the root mean square of successive NN-interval differences (rMSSD), and percentage of successive NN-intervals that differ by > 50 ms (pNN50); these latter indices both reflect parasympathetic influences (Malik, 1997) . Frequencydomain analyses decompose NN-intervals into sinusoidal waveforms based on preestablished frequency bandwidths (Berntson, Quigley, & Lozano, 2007) . Standard adult HRV frequency bandwidths are defined as High Frequency Decreased SDNN, HF, LF, VLF, and LF:HF are indicative of poor health and worse outcomes among conditions such as cardiac arrhythmia, obesity, hypertension, Type 1 and Type 2 diabetes, and psychological disorders in both adult (e.g., Boer-Martins et al., 2011; Henry, Minassian, & Paulus, 2010; Schmid, Schönlebe, Drexler, & MueckWeymann, 2010; Thayer & Sternberg, 2006) and child samples (e.g., Akinci, Celiker, Baykal, & Tezic, 1993; Baharav, Kotagal, Rubin, Pratt, & Akselrod, 1999; Martini et al., 2001; Xie et al., 2013) . Considering its implications for health, HRV must be accurately measured, analyzed, and interpreted to minimize erroneous and potentially detrimental conclusions. Meaningful inferences about a relation between temporal changes in HRV and health require evidence for test-retest reliability in adults and children; however, the psychometrics of pediatric HRV are not well established.
HRV Measurement, Analysis, and Reporting: Implications for Test-Retest Reliability
Two committee reports have provided guidelines for HRV measurement and analysis (Berntson et al., 1997; Task Force, 1996) . While these guidelines are frequently cited in the HRV literature, wide variability in study methodology remains. Further, available guidelines do not reflect theoretical and methodological advances in HRV measurement within the last two decades (e.g., Cerutti, Goldberger, & Yamamoto, 2006; Denver, Reed, & Porges, 2007) , and do not account for distinctions in pediatric HRV measurement (e.g., Bar-Haim, Marshall, & Fox, 2000) . Pertinent methodological considerations for HRV test-retest reliability are reviewed below and are conceptually organized into four categories: (i) study protocol; (ii) sample characteristics; (iii) ECG signal acquisition and preliminary processing; and (iv) HRV analyses. These categories coincide with milestones of salient methodological decisions.
Study Protocol
Study protocol methodological decisions include length of the follow-up period or test-retest interval; use of a standardized recording protocol; and, recording time of day and related waking state. Declining reliability with longer test-retest intervals is not unexpected (Cohen & Swerdlik, 2002) , and has been observed among young adults (e.g., Cipryan & Litschmannova, 2013) and among infants and youth. For example, Perry and colleagues (2013) observed declining HF reliability in toddlers across 1 to 2 year follow-up intervals (r = 0.52; r = 0.34, respectively). El-Sheikh and similarly observed declining HF reliability in children across 1 to 2 to 3 year follow-up intervals (r = 0.63; r = 0.54; r = 0.32, respectively). Another factor that can influence HRV reliability is the extent of protocol standardization. Namely, test-retest reliability can be optimized by restricting participant behaviors that affect autonomic physiology (e.g., exercise, caffeine intake, postural changes), and by standardizing the ECG recording protocol across all participants and study assessments (cf., Jennings et al., 1981) . Notedly, researchers strive to balance testretest reliability with ecological validity, which may diminish with more rigorous study protocols.
Guidelines do not specify an ideal time of day for recording ECG, leaving this study protocol decision to the discretion of researchers. Circadian variations in HRV have been observed in adults (e.g., Armstrong, Kenny, Green, & Seely, 2011) , children (e.g., Massin, Maeyns, Withofs, Ravet, & Gerard, 2000) , and infants as early as 7-12 weeks old (Hoppenbrouwers et al., 2012) . Sympathetic dominance peaks just after awakening and withdraws during the day, while parasympathetic, or vagal, dominance becomes augmented throughout the night, reaching its peak before awakening (Guo & Stein, 2003; Huikuri et al., 1990) . Pediatric studies report mean-level changes in HF, VLF, and LF:HF across day, night, and 24-hr recordings (Faulkner, Hathaway, & Tolley, 2003) ; however, few studies have examined how recording time influences HRV reliability. Further, waking state (awake vs. napping) during daytime hours is a relevant issue for studies conducted with infants and toddlers.
Sample Characteristics
Sample characteristics relevant to HRV reliability include age or developmental span; study exclusion criteria; and, participant biological sex. Sample heterogeneity can result from recruiting participants across a wide age range (e.g., 8-18 years), or with poorly defined, or lack of fidelity to, exclusion criteria (e.g., medical illness/condition, medication use). Evidence for HRV reliability in a homogenous sample is necessary to establish the validity of HRV measures obtained from that sample. Heterogeneous samples that span wider age ranges may actually limit reliability attributable to normal HRV changes across developmental periods. For example, lower test-retest HF reliability was observed for samples spanning from 2 months to 5 years of age (r = .30, Bornstein & Suess, 2000b) and from 5 to 14 years of age (Spearman's ρ = .26; Gentzler, Rottenberg, Kovacs, George, & Morey, 2012) . Relatedly, lower 2-year test-retest HRV reliability has been reported among toddlers, compared to children (e.g., 3-5 years: r = 0.34, Perry et al., 2013; 8-10 years: r = 0.54, El-Sheikh & Hinnant, 2011) . Study exclusion criteria are often less rigorous or unspecified among the pediatric HRV literature, relative to the adult literature (e.g., Kennedy, Rubin, Hastings, & Maisel, 2004; Rigterink, Fainsilber Katz, & Hessler, 2010) . Medications (e.g., antiarrhythmic agents, beta-blockers) that have been associated with lower meanlevel LF, HF, LF:HF, and SDNN in adults (Penttilä, Kuusela, & Scheinin, 2005; Shaffer & Combatalade, 2013; Task Force, 1996) have been rarely examined in relation to HRV, or HRV reliability, among children (e.g., Buchhorn et al., 2012) . Conversely, several acute and chronic illnesses (e.g., obesity, diabetes) are associated with declines in sympathovagal balance among clinical samples of adults and children, relative to nonclinical samples (e.g., Kochiadakis et al., 1997; Latchman et al., 2011; Martini et al., 2001; Sandercock, Bromley, & Brodie, 2005) . Thus, sample homogeneity is relevant for reliability.
Sex differences in HRV have been observed in adults and children, although results are often inconsistent. Adult males typically display greater sympathetic dominance (e.g., higher LF, LF:HF), while females typically display greater parasympathetic dominance (e.g., higher HF, rMSSD; Antelmi et al., 2004 ) and higher HRV reliability (Sookan & McKune, 2012) . Conversely, while boys have displayed increased mean-level NN and SDNN relative to girls (Faulkner et al., 2003; Silvetti, Drago, & Ragonese, 2001) , male sex has also been associated with higher HF among 9-and 11-year-olds (El-Sheikh, 2005) . There may be sex-specific shifts in sympathovagal balance during childhood development related to changes in sex hormone concentrations (e.g., testosterone, estrogen), which in turn, exert distinct, sex-specific effects on blood pressure and heart rate (Spear, 2000) . Evidence suggests that sex differences in HRV reliability may exist among both adults and children; however, pediatric studies examining biological sex differences in HRV reliability are rare.
Electrocardiogram (ECG) Signal Acquisition and Preprocessing
Electrocardiogram signal acquisition and preprocessing decisions include length of the acclimatization period; recording posture; ECG sampling rate; and, signal filtering. Allowing participants to acclimate to their surroundings prior to ECG recording is recommended by HRV measurement guidelines (Berntson et al., 1997; Task Force, 1996) . Resting HRV measures index baseline autonomic cardiovascular control and serve as a reference from which to compare change. However, participants instructed to rest quietly during the baseline recording may not actually be fully at rest (i. e., anxious, humming quietly, ruminating) if they did not have time to adequately habituate. A prerecording acclimatization period following the application of electrodes and prior to baseline recording helps participants to familiarize with their surroundings and the physiological sensors, and reduces stress-related changes in physiological activity prior to data collection; this may be especially true among infants and young children. Sharpley (1993) noted that a 15 min acclimatization period duration may be sufficient among adults, but advocated for durations that are optimal for each participant. Including a prerecording acclimatization period may augment HRV reliability by reducing unsystematic variation in resting heart rate activity; however, acclimatization periods distinct from baseline are uncommon, or are not routinely reported, among pediatric studies.
Parasympathetic dominance is often observed in seated or supine postures, while sympathetic dominance is often observed in standing or head-up-tilt postures (Cacioppo et al., 1994; Kleiger et al., 2005) ; thus, HRV, and HRV reliability, are influenced by postural position. HF reliability, but not LF reliability, was notably higher among adults measured across 24 months in supine versus standing postures (ICC HF = 0.89 vs. 0.79; ICC LF = 0.81 vs. 0.79; Kowalewski & Urban, 2004) ; similar results were obtained among children for heart rate and SDNN measured across 2 weeks (ICC HR = 0.78 vs. 0.65; ICC SDNN = 0.79 vs. 0.69; Dietrich et al., 2010) , and among adolescents for HF and LF measured across 1 year (r HF = 0.37 vs. 0.25; r LF = 0.37 vs. 0.31; Mezzacappa et al., 1997) . Considering these findings, sympathetic modulation may be less affected by postural changes than parasympathetic modulation. Shifts in sympathovagal balance across childhood development (Spear, 2000) highlight a salient consideration when examining the influence of recording posture on pediatric HRV reliability.
Electrocardiogram sampling rate may be pertinent to the reliability and accuracy of HRV data. Guidelines recommend 500-1,000 Hz as optimal for HRV sampling, although 250 Hz may also be acceptable (Berntson et al., 1997; Task Force, 1996) . Studies that have empirically examined error variation attributable to ECG sampling rate are largely based on small sample sizes (e.g., N = 1-5), simulated comparisons, or evaluation of lower sampling rates (e.g., 64 Hz, 128 Hz, 256 Hz; cf., Merri, Farden, Mottley, & Titlebaum, 1990; Singh, Vinod, & Saxena, 2004; Wittling & Wittling, 2012) . Other studies have suggested that sampling rates above 500 Hz may not have incremental utility (cf., Riniolo & Porges, 1997; Singh, Singh, & Banga, 2014) . Sampling rates that are too slow, or even too fast, may reduce R-wave timing precision, contribute unwanted variance, and limit reproducibility. The ideal sampling rate also may be sample-specific (Merri et al., 1990; Singh et al., 2004) and require adjustment to account for temporal changes in age and weight, for example.
Few studies report the proportion of data excluded due to artifacts. This sharply contrasts with guideline recommendations and restricts knowledge about the integrity, quality, and interpretability of HRV data. The effects of poor continuity and stationarity of ECG signals due to artifacts (e.g., poor electrode adhesion, movement, aberrant heartbeats) are known and have been widely considered using real and simulated HRV data (Berntson & Quigley, 1990; Berntson & Stowell, 1998; Kim, Lim, Kim, & Park, 2007; Salo, Huikuri, & Seppänen, 2001) . Thus, manually editing ECG data prior to HRV analysis is highly relevant for HRV reliability. Digital automated filtering of noise and overlapping frequency components (i.e., spectral leakage) is also pertinent. Porges ' (1985) moving polynomial filter is commonly used in pediatric HRV studies to remove background heart rate trends and may eliminate the need to statistically control for heart rate. HRV reliability in the context of different (or absent) automated filtering algorithms has been examined among adults (Lee & Chiu, 2010; Singh et al., 2004) , but rarely in children.
Heart Rate Variability Analyses Heart rate variability analyses include data reduction decisions pertaining to length of the recording duration analyzed; epoch length; and, frequency bandwidth selection. These HRV analyses occur post-ECG signal collection and prior to commencing statistical analyses. Choosing the ECG recording duration to be analyzed for HRV is pertinent for capturing the extent of short-and long-term variability within a signal, and for the reliability of resulting measures. Guidelines specify that ECG be recorded for at least 1 min to assess HF, 2 min for LF, and $ 50 min for VLF. However, as 2 min may not be enough to derive reliable estimates of LF (Heathers, 2014; Kleiger et al., 2005) , 5 min recording durations are generally accepted as a standard in short-term studies (Berntson et al., 1997; Task Force, 1996) . Among adults, LF reliability was higher when derived from 5 min, compared to 2.5 min recordings (ICC = 0.82 vs. 0.78; Marks & Lightfoot, 1999) . Among infants, recordings ! 3 min produced more reliable measures of HF (Richards, 1995) . It is plausible that reliability of some measures may decrease with longer recording durations (e.g., NN), while others increase (e.g., VLF) or remain unaffected (e.g., LF:HF). Comparing identical length recording durations is relevant when examining HRV reliability (Dalla Pozza et al., 2006) .
An ECG recording can be analyzed for HRV using the mean of a single analytical epoch or by analyzing the mean of multiple shorter epochs. For example, a 30 min recording can be analyzed as thirty 1 min epochs, six 5 min epochs, or one 30 min epoch, among several other epoch lengths. Deriving HRV using multiple epochs may reduce the impact of uncorrected artifacts or slower heart rate trends (Izard et al., 1991; Salo et al., 2001) , but may introduce a selection bias, or a loss of variability that oscillates at periods longer than the analyzed epoch (Berntson et al., 1997 (Berntson et al., , 2007 Porges & Byrne, 1992) . McNames and Aboy (2006) demonstrated that adult HF was reproducible across epochs ranging from 10 s to 10 min, while LF required at least 10 min epochs. Richards (1995) observed that infant HF was more reliable when a 75 s recording was analyzed in fifteen 5 s epochs, rather than five 15 s epochs. Thus, epoch selection is germane to pediatric HRV reliability and should be explicitly reported to enhance the interpretability of results.
Heart rate variability frequency bandwidths in pediatric samples differ from those defined for adults, due to young children's higher respiration rate. Namely, the HF bandwidth should be modified to include the respiratory frequency of the pediatric sample (0.3-1.30 Hz infants; 0.24-1.04 Hz young children; Bar-Haim et al., 2000; Fox & Porges, 1985) . If adult bandwidths are erroneously applied to pediatric frequency-domain measures, which is not uncommon, resulting data will inaccurately estimate autonomic cardiovascular control and distort subsequent interpretations. Spectral frequency bands should be carefully considered and explicitly reported to enhance the interpretability of results. Frequency bandwidth selection is likely pertinent to HRV test-retest reliability; however, few studies have specifically examined this, especially among children and adolescents.
Current State of Knowledge and Study Aims
There is considerable evidence for moderate to excellent reliability of HRV measures during controlled resting conditions in healthy adult participants (cf., Sandercock et al., 2005 , for systematic review). Relatively less evidence is available from studies with infants, children, and adolescents. Reliable HRV measurement requires careful consideration of multiple methodological factors (e.g., Jarrin, McGrath, Giovanniello, Poirier, & Lambert, 2012) , many of which are detailed in frequently cited HRV measurement guidelines. There is a notable lack of conformity to these guidelines, which increases potential for error upon replication, limits the interpretability of results, and makes it challenging to draw meaningful comparisons about HRV reliability across different studies. Considering the relative lack of knowledge regarding pediatric HRV psychometrics reviewed above, the overarching aim of this meta-analysis was to systematically examine and empirically synthesize available evidence for test-retest reliability of time-and frequency-domain HRV measures from infants, children, and adolescents. Methodological decisions that could influence HRV reliability were examined as possible moderators, including (a) study protocol decisions (i.e., study follow-up length; consistent time of day recording; waking status), (b) sample characteristics (i.e., explicit exclusion criteria; proportion of male participants); (c) ECG signal acquisition and preprocessing settings (i.e., prerecording acclimatization period; recording posture; sampling rate; filtering algorithm); and (d) HRV analytical decisions (i.e., analyzed recording duration; epoch lengths; frequency bandwidth selection). Finally, given reported developmental differences, HRV reliability was compared between younger versus older children.
Method Literature Search Strategy
An electronic literature search was performed within PsycINFO and PubMed (MedLine) databases from January 1, 1970 to December 31, 2014, using terms regarding pediatric populations (e.g., infants, children, adolescent), HRV measures (e.g., HF, RSA, SDNN), and psychometrics (e.g., reliability, test-retest, reproducibility). This search yielded 579 nonredundant journal articles; review of their titles indicated 347 were possibly relevant due to mention of HRV measures. Next, the abstracts of these 347 articles were reviewed and selected for follow-up if they suggested that HRV was measured at least twice from nonclinical pediatric or age-unspecified samples; 88 articles met this criterion. Then, ascendancy and descendancy approaches (i.e., backward and forward citation searches of 88 initial articles) identified 60 additional articles. One other article was obtained after sending solicitation letters to prominent authors for additional or unpublished data. Thus, a total of 149 nonredundant articles were retrieved for full review (see Figure 1 ).
Article Inclusion and Exclusion
Articles were included in the meta-analysis if: (a) time-and frequency-domain HRV measures were obtained at least twice during separate, resting baseline conditions; (b) participants were nonclinical infants, children, or adolescents with a sample mean age less than or equal to 18.0 years; and (c) sufficient data were presented for effect size computation (i.e., reporting only means was insufficient). Articles were excluded based on an a priori hierarchy: (i) not an empirical study (k = 1); (ii) sample size less than 10 (k = 4); (iii) sample of only clinical (e.g., diabetes, anxiety disorder) or special-population individuals (e.g., preterm infants, athletes; k = 9); (iv) fewer than two baseline HRV recordings were obtained (k = 53); (v) HRV data were obtained solely during overnight sleep (k = 3); (vi) NNinterval data not recorded from continuous ECG (k = 4); (vii) HRV data were averaged across rest and task conditions (k = 3); (viii) baseline HRV data not reported (k = 22); (ix) data were redundant with another included study (k = 1; more complete article retained). In total, 49 articles met final inclusion criteria (see Appendix and Figure 1 ).
Reliability of Article Selection and Coding
A random sample of 10% of titles, abstracts, and articles were blindly re-coded after a 4-month period by the original (OW) and an independent (JL) rater. Excellent intra-and inter-rater agreement for title selection were obtained (Cohen's kappa, κ = 1.0, for both). Excellent intra-rater (κ = 0.92) and good inter-rater agreement (κ = 0.8) for abstract selection were obtained. Abstract selection discrepancies were resolved through discussion. Excellent intrarater reliability was obtained for categorical ( 
Article Coding and Data Extraction
Study follow-up length was coded in months. If demographic information (e.g., age, weight) was sex-stratified, a weighted mean was calculated. . Explicit participant exclusion criteria were coded dichotomously (yes/no) within the following a priori categories: (a) prescription medication use; (b) medical illness or condition (e.g., chronic illness, diabetes); (c) mental health diagnosis (e.g., cognitive, intellectual, behavioral disorder); and (d) anthropometric characteristics (e.g., low birth weight, being obese). Study location was coded (university/hospital laboratory; school; home; nursery). Time of ECG recording was coded (morning 06:00-11:59; afternoon 12:00-17:59; evening 18:00-23:59). ECG sampling rate was coded in Hz. ECG recording posture was coded ([1] seated, [2] supine, [3] standing) and "changed" was coded when participants assumed different postures between study assessments; supine was assumed among studies with infants, unless otherwise specified. Durations for prerecording acclimatization period, total ECG recording, baseline ECG recording, analyzed recording, and epoch were coded in minutes. A dichotomous code (yes/no) indicated whether: (a) participants were required to remain awake for the entire recording duration; (b) study location, recording time, posture, acclimatization period, and ECG recording durations were identical across all follow-up assessments; (c) manual editing and digital automated filtering algorithms (e.g., Hanning/Hamming window, polynomial window) were applied to ECG data; (d) HRV frequency bands were age-appropriate Publications identified in PsycInfo and PubMed using the following combinations: ("neonatal" OR "infant" OR "toddler" OR "child" OR "children" OR "adolescent" OR "adolescence" OR "teen" OR "youth" OR "young adult") AND ("heart period" OR "heart rate variability" OR "HRV" OR "respiratory sinus arrhythmia" OR "RSA" OR "vagal tone" OR "inter-beat interval" OR "IBI" OR "heart interval" OR "R-R interval" OR "RR interval" OR "N-N interval" OR "NN interval" OR "SDNN" OR "SDANN" OR "SDNNi" OR "rMSSD" OR "pNN50" OR "high frequency heart rate variability" OR "high frequency HRV" OR "low frequency heart rate variability" OR "low frequency HRV") AND ("reliability" OR "reliable" OR "psychometric" OR "stability" OR "stable" OR "reproducible" OR "reproducibility" OR "intra-individual" OR "test-retest" OR "repeatable" OR "repeatability" OR "longitudinal") Filters: Species: humans; Language: English; Date: Jan 1, 1970-Dec 31, 2014; Age Range: birth-18yrs
Yielded ( Fox & Porges, 1985; Task Force, 1996) ; and (e) a single epoch was used to define the entire analyzed signal. "Unmentioned" was coded if a target variable was not reported. Baseline HRV was defined as ECG-derived HRV measures that were prior to and distinct from any experimental study condition (e.g., stressor task, tilt, exercise). Baseline time-and frequency-domain HRV measures were coded using a priori categories. Heart period and mean NN-interval (ms) were coded as NN. SDNN and "heart period standard deviation" (ms) were coded as SDNN. rMSSD was coded (ms). HF in absolute (ms 2 ) and normalized units (n.u.), respiratory sinus arrhythmia (s, ms), and "vagal tone" (lnms 2 ) were coded as HF. LF in absolute (ms 2 ) and normalized units (n.u.) was coded. LF:HF ratio was also coded.
Statistical Analysis
Effect Size Calculation and Management Fisher's Z, which ranges from À1 to +1 and can be interpreted similar to a correlation coefficient, was selected as the standardized common effect size. Intra-class correlations (ICC), as well as Pearson and Spearman correlations, were converted to Fisher's Z using Fisher's variance stabilizing transformation (Rosenberg, Adams, & Gurevitch, 2000; Rosenthal, 1994) . F-ratios and unstandardized beta coefficients were converted to r and then to Fisher's Z (Rosenberg et al., 2000; Rosenthal, 1994) . Exact p values, when no other test statistic was available, were converted to a standard normal deviate (Z-score), then to r, and then to Fisher's Z (Rosenberg et al., 2000) . Studies reporting effect sizes derived from > 2 follow-up assessments were coded for both the entire study follow-up length (i.e., one effect size per HRV variable, per study) and shorter, nonoverlapping follow-up intervals (e.g., 2-4 weeks, 4-6 weeks; see section Selection of Effect Sizes below).
Selection of Effect Sizes
Effect sizes were coded for available data reported, thus yielding multiple effect sizes per study. Multiple effect sizes were reported due to HRV variables (e.g., HF, LF), followup intervals (e.g., 2-4 wks, 4-6 wks, 2-6 wks), and postures (e.g., supine, seated). We employed a conservative approach including only one effect size per HRV variable per study (Total: 93 effect sizes, M = 1.90 effect sizes per study; Infants/Toddlers: 47, M = 1.52; Children/ Adolescents: 46; M = 2.56); the longest follow-up interval, in one posture (selected hierarchically: seated, supine, standing), was retained. To maximize power, redundant effect sizes were permitted only for the corresponding moderator analyses for follow-up interval and recording posture.
Meta-Analytic Strategy
Analyses were age-stratified due to noted methodological differences between studies with younger and older children (cf., Williams et al., 2012) . Infant/toddler studies were those with a mean sample age less than 5 years (k = 31); child/adolescent studies were those with a mean sample age 5 years or greater, but less than or equal to 18 years (k = 18). A fixed-effects meta-analytic model was chosen because the categorical variables coded essentially capture all possible options represented in the extant HRV literature (e.g., sitting vs. supine vs. standing posture; consistent vs. inconsistent recording durations), rather than categories sampled from a larger population of possible options (Rosenberg et al., 2000) . A fixed-effects model is also consistent with an earlier meta-analysis of heart rate and blood pressure reproducibility in adults (Swain & Suls, 1996) . Thus, a random-effects model was not deemed appropriate given the examined data.
An effect size was calculated for each HRV variable separately. An analysis of the heterogeneity statistic (Q T ), which measured the variation for the included effect sizes, was conducted for each meta-analytic model. Significant Q T indicated that the included effect sizes had a heterogeneous distribution and informed whether additional moderator analyses were warranted (Rosenberg et al., 2000) . Continuous (i.e., slope) and categorical (i.e., Q M ) methodological variables were examined in subsequent moderator analyses (Rosenberg et al., 2000) . Bootstrap methods (1,000 samples) produced robust nonparametric confidence interval estimates around each effect size (Rosenberg et al., 2000) . Orwin's Fail-Safe numbers addressed possible publication bias by estimating the number of missing, unpublished, or nonsignificant studies needed to make the overall effect size negligible or not different from zero. Analyses were performed using MetaWin 2 (Sinauer Associates, 2000) and forest plots were graphed using Forest Plot Viewer (Boyles, Harris, Rooney, & Thayer, 2011) .
Results

Study Participant and Recording Characteristics
A total of 49 studies (N = 5,170) were included in the present meta-analysis. Infant/toddler studies (k = 31; N = 3,329) and child/adolescent studies (k = 18; N = 1,841) had sample sizes ranging from 10 to 441 (Mdn = 90, 60, respectively), and about half of participants in both groups were male (see Table 1 ). Overall, few studies reported a priori sample exclusion criteria or participant characteristics (e.g., height, weight, study attrition), which precluded certain planned moderator analyses. Mean ECG recording duration analyzed for HRV in infant/toddler studies was 4.42 min (SD = 4.29), and in child/adolescent studies it was 3.74 min (SD = 1.91; see Table 1 ).
Overall Summary Analyses
Baseline HRV exhibited moderate test-retest reliability across both age groups. To compare the overall reliability between the age groups, a mean effect size was calculated across HRV variables to yield one effect size per study. Overall reliability was significantly lower for infant/toddler studies compared to child/adolescent studies (Z = 0.42 vs. 0.62; Q M = 32.49, p < .001). All effect sizes, except LF:HF, were significantly heterogeneous, indicating that further moderator analyses were warranted. Mean summary effect sizes are presented in Table 2 . Reliability forest plots are presented in Figures 2-4 .
Moderator Analyses
Continuous ( Table 2 ) and categorical (Tables 3 and 4) moderator variables were examined within the following categories: Study protocol (test-retest follow-up interval length; standardized recording protocol; time of day, awake), sample characteristics (age, developmental period; participant exclusion criteria; sex, proportion male), ECG signal acquisition and preprocessing (acclimatization period; posture; sampling rate; artifact editing, filtering), and HRV analyses (recording duration analyzed; epoch length; frequency bandwidth selection). Moderator analyses were largely restricted to NN and HF among infant/toddler studies, and HF and LF among child/adolescent studies, due to limited reported data.
Study Protocol
Longer study follow-up length was not associated with NN or HF reliability among infant/toddler studies. In contrast, longer study follow-up length was significantly associated with lower SDNN (B = À0.057, p = .052), rMSSD (B = À0.553, p = .011), HF (B = À0.005, p = .008), and LF (B = À0.031, p = .007), but not LF:HF reliability, among child/adolescent studies. Significant heterogeneity remained for all HRV variables in both age groups, except LF:HF which was homogenous, indicating that further or nested moderator analyses are merited. Moderator results were consistent for conservative and redundant effect size selection approaches; only conservative approach statistics reported for parsimony.
Across both age groups, minimal reporting of ECG recording time precluded an examination of whether time of recording ECG (e.g., morning vs. afternoon) moderated HRV reliability. However, HF reliability was significantly higher among infant/toddler studies that recorded exclusively awake ECG data, compared to recordings that contained some sleep (i.e., napping; Z = 0.44 vs. 0.21; Q M = 6.35, p = .012).
Sample Characteristics
Significantly higher NN reliability was found among infant/ toddler studies that excluded participants based on prescription medication use (Z = 0.61 vs. 0.23; Q M = 14.06, p < .001) and medical illness/condition (Z = 0.47 vs. 0.26; Q M = 5.26, p = .022); similar results were not found for HF. Significantly higher HF (Z = 0.67 vs. 0.55; Q M = 6.63, p = .010) and LF reliability (Z = 0.80 vs. 0.54; Q M = 4.17, p = .041) were found among child/adolescent studies that excluded participants based on medical illness/condition. Nested moderator analyses may further address remaining heterogeneity across most effect sizes.
Larger sample size was significantly associated with higher rMSSD reliability (B = 0.051, p = .043), but lower HF (B = À0.001, p < .001) and LF reliability (B = À.003, p < .001) among child/adolescent studies. Older sample age was significantly associated with higher NN (B = 0.153, p < .001) and HF reliability (B = 0.055, p < .001) among infant/toddler studies, and higher rMSSD (B = 0.173, p < .001) among child/adolescent studies.
Having a greater proportion of male participants was significantly associated with higher NN reliability (B = 2.141, p = .017) among infant/toddler studies; no relation was observed for HF reliability. Conversely, a greater proportion of males was significantly associated with higher SDNN (B = 1.088, p < .002) and rMSSD reliability (B = 2.085, p < .001), and lower HF (B = À0.334, p = .039) and LF reliability (B = À0.430, p = .036) among child/adolescent studies; no relation was observed for LF:HF reliability. Further nested analyses are needed to address remaining heterogeneity.
Electrocardiogram Signal Acquisition and Preprocessing
Prerecording acclimatization period was associated with significantly higher NN reliability (Z = 0.62 vs. 0.21; Q M = 18.31, p < .001) among infant/toddler studies, and higher LF reliability (Z = 0.79 vs. 0.39; Q M = 10.32, p = .001) among child/adolescent studies. No significant relations were observed for HF reliability in either age group. The duration of the acclimatization period was not associated with reliability of any HRV measures. Significant heterogeneity remained for NN reliability among infant/toddler studies and HF reliability in both age groups; LF reliability was homogenous among child/adolescent studies. Electrocardiogram recording posture was significantly associated with NN (Q M = 9.42, p = .002) and HF reliability (Q M = 18.69, p < .001) among infant/toddler studies; reliability was highest in seated recordings and lowest when recording posture changed across follow-up assessments. Recording posture was not associated with HRV reliability Notes. k = number of studies; Z = Fisher's Z; Q M = between-groups heterogeneity; Q T = total heterogeneity; N FS = Orwin's Failsafe N; SDNN = standard deviation of NN intervals; HF = high frequency; LF = low frequency; ECG = electrocardiogram; HRV = heart rate variability. a Bootstrap 95% Confidence Interval.
b Initial study assessment recording condition. among child/adolescent studies; however, HF and LF reliability were relatively lower when recorded in standing posture. Significant heterogeneity among seated posture measures suggests further or nested moderated analyses are warranted in both age groups. Moderator analyses for posture were only conducted using the redundant effect size selection approach, to permit sufficient data for comparison.
The paucity of studies reporting ECG sampling rate precluded adequate examination as a moderator of HRV reliability. Gross binary coding (! 500 Hz vs. unmentioned) was used to salvage available information to conduct cursory categorical moderator analyses. Child/adolescent studies reporting the sampling rate ! 500 Hz yielded significantly higher HF reliability (Z = 0.64 vs. 0.53; Q M = 3.65, p = .056) and lower SDNN reliability (Z = 0.73 vs. 1.26; Q M = 6.53, p = .011), than studies that did not report the sampling rate. Reliability did not differ among infant/toddler studies when comparing the sampling rate ! 500 Hz, versus not reported or < 500 Hz.
Infant/toddler studies that reported manual editing of ECG data, versus not reporting this detail, yielded significantly higher NN reliability (Z = 0.38 vs. 0.14; Q M = 4.99, p = .025); while those reporting an automated filtering algorithm, versus not reporting this detail, yielded significantly higher HF reliability (Z = 0.45 vs. 0.35; Q M = 4.00, p = .045). Reliability did not differ among child/adolescent studies that reported editing and filtering of ECG data, with the exception of SDNN where manual editing was associated with lower reliability (Z = 0.86 vs. 1.26; Q M = 4.08, p = .043; see Table 4 ).
Heart Rate Variability Analyses
Longer recording duration analyzed was significantly associated with lower NN reliability (B = À0.028, p = .026), but was not associated with HF reliability among infant/toddler studies. Conversely, longer recording duration analyzed was significantly associated with higher SDNN (B = 0.130, p < .001), rMSSD (B = 0.201, p < .001), HF (B = 0.066, p = .004), and LF reliability (B = 0.059, p = .040) among child/adolescent studies; no relation was observed for LF:HF reliability. Remaining effect size heterogeneity, mostly among measures from child/adolescent studies, suggests that further or nested moderator analyses are required. Analyzing identical ECG recording durations, versus differing durations, across both study assessments was associated with significantly higher NN (Z = 0.38 vs. 0.12; Q M = 5.75, p = .017) and HF reliability (Z = 0.45 vs. 0.34; Q M = 5.35, p = .021) among infant/ toddler studies. As well, infant/toddler HF reliability was significantly higher when derived using the mean of two or more ECG epochs, compared to a single epoch (Z = 0.46 vs. 0.25; Q M = 5.41, p = .020). These associations were not observed among child/adolescent studies. Duration of the analytical epoch (e.g., 1-min, 5-min) was not associated with HRV reliability.
Selecting an age-specific HRV frequency bandwidth consistent with guidelines and recommendations, compared to an alternative bandwidth, yielded no significant differences. Effect sizes for HF, LF, and LF:HF reliability were relatively larger among studies that selected an age-specific frequency bandwidth, compared to an alternative bandwidth (Z HF = 0.64 vs. 0.49, Z LF = 0.64 vs. 0.39, Z LF:HF = 0.74 vs. 0.39); yet, significant heterogeneity remained.
Study Quality
An index of study quality was coded based on 10 study characteristics: (1) having exclusion criteria for medical illness/condition (26.5% of studies had this characteristic); (2) having exclusion criteria for medication use (12.2%); (3) having sample size ! 50 (44.9%); (4) specified at least one prerecording participant instruction (e.g., overnight fast, no exercise for 12 hr; 18.4%); (5) included a prerecording acclimatization period (36.7%); (6) analyzed baseline ECG recording duration ! 3.5 min (51%); (7) analyzed recording duration ! 3.5 min (50%); (8) reported both ECG recording hardware and HRV analysis software (81.6%); (9) reported both manual editing and digital automated filtering of ECG data (49%); and, (10) reported using recommended HRV frequency bands for sample age (49.0%). Correlation analyses with one effect size per study (i.e., mean effect size averaged across HRV variables) revealed study quality was not associated with HRV reliability among infant/toddler studies (M = 3.97 out of possible 10 characteristics, SD = 2.07; r = À.033, p = .861), but was positively associated among child/adolescent studies (M = 4.67, SD = 1.68; r = .489, p = .040).
Discussion
The overarching aim of this systematic review was to comprehensively examine test-retest reliability of pediatric HRV using meta-analytic techniques. Effect sizes for reliability of time-and frequency-domain HRV measures were typically in the moderate range across both age groups. Further, overall test-retest reliability was significantly higher in child/adolescent studies, compared to infant/toddler studies. While several moderating variables influenced HRV reliability, limited methodological reporting precluded several a priori planned moderator analyses.
Study Protocol
Longer study follow-up length was associated with decreased reliability for SDNN among infant/toddler studies, and decreased reliability of SDNN, rMSSD, HF, and LF among child/adolescent studies. This result is not unexpected given basic psychometric principles (cf., Cohen & Swerdlik, 2002) . As example, studies lasting 3 years or longer had lower test-retest reliability than those only 2 weeks or shorter in duration. Age-related increases in HRV partly reflect increased autonomic complexity and offer a plausible explanation for decreasing reliability with increased follow-up length. The prominent use of a moving polynomial filter (Porges, 1985) to derive HF among infant/ toddler studies may augment reliability by accounting for variance attributed to normal developmental decreases in heart rate activity over longer test-retest intervals (e.g., newborns studied across several months or years). Conversely, the predominant use of spectral analysis techniques (e.g., Fourier transformation) or the peak-valley method (e.g., El-Sheikh, 2005 ) to derive HF among child/ adolescent studies, neither of which inherently accounts for heart rate variance, may explain the lower reliability of HF across longer test-retest intervals in this age group. These results suggest that an examination of long-term reproducibility of HF derived with and without a moving polynomial filter, compared to HF derived with and without statistical control of heart rate, should be conducted.
Due to limited reported data, this meta-analysis could not examine whether consistent ECG recording time of day across follow-up assessments (i.e., to account for potential circadian effects) improved reliability. However, other results from this meta-analysis indicated that HF reliability among infant/toddler studies, which analyzed exclusively awake ECG data, was higher compared to HF derived from daytime data containing some sleep (i.e., naps; unrestricted sleep). It is unknown whether the same infants/toddlers fell asleep at both assessments, which would reduce the replicability of initial recording conditions. Circadian variation in HRV across different age groups is important to consider when interpreting HRV (Ernst, 2014) . As such, more research using 24-hr ECG data is necessary to examine whether HRV reliability varies depending on certain times of day (e.g., morning, afternoon, evening).
Sample Characteristics
Increased sample homogeneity, attributable to specified participant exclusion criteria, also influenced HRV. Higher NN reliability was observed among infant/toddler studies that reported exclusion criteria for medical illness/ condition and prescription medication use, while higher HF and LF reliability was observed among child/adolescent studies that excluded for medical illness/condition. Results suggest that reducing variation attributable to prescription medication use or compromised health improves reliability. Considering these findings, future studies should examine the cross-sectional and longitudinal effects on HRV attributable to illnesses and medications common in pediatric populations to determine whether employing stringent exclusion criteria (e.g., specific diagnosis or medication) would augment HRV reliability.
Biological sex was a significant moderator of HRV reliability across both age groups, albeit in different ways. Studies with a greater proportion of male participants yielded higher NN reliability among infant/toddler studies, and yielded higher SDNN and rMSSD, but lower HF and LF reliability among child/adolescent studies. These child/adolescent results are similar to adult findings of lower HRV reliability among males relative to females (e.g., Sookan & McKune, 2012) . Current thinking is that sex differences in HRV result from greater sympathetic dominance among males relative to females; indeed, females often, but not always (e.g., El-Sheikh, 2005), produce higher mean-level HF and yield greater HF reliability relative to males. Biologically, sex differences in HRV reliability may be associated with hormonal differences related to pubertal development (e.g., sympathetic alterations in response to increased estrogen concentration; Kajantie & Phillips, 2006; Ordaz & Luna, 2012; Shirtcliff, Dahl, & Pollak, 2009 ). Sex differences in HRV reliability may become more pertinent as children advance toward sexual maturation (e.g., Patton & Vines, 2007; Silvetti et al., 2001) . Jarrin and colleagues (2015) demonstrated that measures of gonadarche and adrenarche were negatively associated with rMSSD, pNN50, and HF, and positively associated with LF:HF. As such, more research into the association between pubertal status, related hormone levels, and HRV reliability among youth is needed to address this noted knowledge gap. Sex differences in pediatric HRV reliability could be clarified if authors report sex-stratified analyses.
Electrocardiogram Signal Acquisition and Preprocessing
Including a prerecording acclimatization period was associated with significantly higher NN reliability among infant/ toddler studies, and significantly higher LF reliability among child/adolescent studies; further, effect sizes for each measure were homogenous. Studies that allowed participants to habituate yielded some of the largest effect sizes associated with a particular HRV measure, relative to studies without an acclimatization period. Results largely supported HRV guideline recommendations to include a prerecording acclimatization period (Berntson et al., 1997) . Infant/toddler studies typically reported < 4 min of acclimatization, while child/adolescent studies typically reported < 10 min. No relationship was found between the acclimatization period duration and HRV reliability, suggesting even a brief habituation period prior to data collection may be sufficient to stabilize HRV and augment reliability. Examination of HRV reliability among groups of younger and older children may determine whether the "optimal" acclimatization duration changes across development.
Recording posture influenced HRV reliability. Specifically, infant/toddler NN and HF reliability were higher for measures obtained in seated postures and lowest when posture changed between study recordings. These observations are consistent with Young and Leicht (2011) , who reported higher HF reliability among adults in seated versus standing postures. Child/adolescent HF and LF reliability were relatively lower among studies that recorded ECG in a standing posture, rather than seated or supine. Children who are asked to maintain a standing posture for a baseline ECG recording, even of only 3-to 5-min, may become more restless/fatigued compared to maintaining a seated posture; with increasing restlessness, the stationarity of heart rate signals will decline and compromise reproducibility. Given the results from blockade studies examining HRV and posture (e.g., standing vs. supine, Cacioppo et al., 1994) , HF may be more reliably measured in seated or supine, relative to standing, postures when parasympathetic dominance is more readily observed; while, LF may be more reliably measured in seated or standing postures when greater sympathetic, as opposed to parasympathetic dominance, is more readily observed. Further exploration of head-up-tilt paradigms in pediatric studies may improve our understanding of how postural position is related to HRV and its reliability.
The paucity of reported ECG sampling rates precluded a meaningful examination of its relation with HRV reliability. Child/adolescent studies that reported a sampling rate ! 500 Hz had higher HF reliability than studies that did not report this detail; however, only relative differences in reliability were found across the remaining analyses. Thus, conclusions about these results must be made with caution. Notedly, only 23% (k = 7) of infant/toddler studies reporting HF explicitly detailed the ECG sampling rate. Lack of reporting ECG sampling rate illustrates a noted limitation in HRV reporting practices among the pediatric, relative to the adult, literature. Published guidelines (Berntson et al., 1997; Task Force, 1996) and recommendations from the wider HRV methodology literature (e.g., Hejjel & Roth, 2004; Merri et al., 1990; Riniolo & Porges, 1997; Singh et al., 2004 ) emphasize the importance of using an "adequate" ECG sampling rate for both interpretive and replication purposes. It is possible that an adequate sampling rate may be age-(e.g., infant vs. adult) or sample-specific (e.g., nonclinical vs. clinical; Singh et al., 2004) . Thus, a threshold in R-wave detection may exist across different groups that require the sampling rate to be adjusted for a given characteristic. As newer ECG recording hardware becomes available with assorted sampling rates (e.g., 128 Hz, 500 Hz, 1,000 Hz), it will be pertinent that future studies examine the relation between sampling rate and HRV reliability.
Electrocardiogram signal preprocessing was associated with HRV reliability among infant/toddler studies. Manual artifact editing of ECG data was associated with significantly higher NN reliability, while digital automated filtering was associated with significantly higher HF reliability. Similar results were not found among child/adolescent studies. Artifacts and recording errors can significantly lengthen or shorten NN-intervals, inflate estimates of variability, and decrease reliability (Berntson & Stowell, 1998; Mulder, 1992) . As such, lower reliability of NN with unedited data is not unexpected. The higher reliability of HF associated with filtering ECG data among infant/toddler, but not child/adolescent studies could be attributable to differences in the frequency of heart rate artifacts between the two groups, and/or the prominent use of a moving polynomial filter in infant/toddler studies (Porges, 1985) , which may better account for extraneous variance attributed to artifacts (e.g., spectral leakage) or errors from poor data resolution (e.g., inadequate sampling rate). Compared to infant/toddler studies, child/adolescent studies reported using digital filters less frequently, but had greater variability among the filter types used. Results from infant/toddler studies demonstrated that carefully applied editing and filtering is associated with better HRV reliability in pediatric samples, and suggest that further examination of how editing and filtering NN-interval data affects pediatric HRV reliability is warranted.
Heart Rate Variability Analyses
Longer analyzed ECG recording duration was associated with lower NN reliability among infant/toddler studies, and higher SDNN, rMSSD, HF, and LF reliability among child/adolescent studies. Infant/toddler studies typically analyzed 2-5 min ECG recordings for HRV, while child/ adolescent studies typically analyzed 3 min recordings. Although these recording durations are less than the typical 5 min standard, results of this meta-analysis suggest that baseline HF can be reliably measured with recordings as short as 2 min. Increased LF reliability with longer analyzed durations is consistent with findings reported by Marks and Lightfoot (1999) . Meta-analytic results also indicated that HF reliability among infant/toddler studies, but not child/ adolescent studies, was relatively higher when measures were derived from the mean of multiple epochs. These results are consistent with earlier findings from infant (Richards, 1995) and adult studies (McNames & Aboy, 2006) . Multiple 30 s epochs were typically reported across both age groups. HRV reliability may be influenced by the interaction between longer analyzed ECG recording durations and deriving HRV using multiple epochs; this could not be tested using nested moderator analyses due to limited available data. It will be important for pediatric researchers to further examine how HRV reliability is impacted by the direct and interactive effects of analyzed recording duration (e.g., 5 min, 10 min, 15 min) with epoch length (e.g., one 10 min epoch vs. two 5 min epochs). Careful consideration of recording duration and epoch length will help inform HRV analytical decisions for pediatric research and extend recommended HRV guidelines.
Selection of an age-specific HRV frequency bandwidth consistent with available guidelines and recommendations, as opposed to alternative bandwidths or unmentioned, did not alter HF reliability among infant/toddler studies, but was associated with relatively higher HF, LF, and LF:HF reliability, among child/adolescent studies. For example, child/adolescent studies that used the HF frequency bandwidth recommended for adults (i.e., 0.15-0.40 Hz; Berntson et al., 1997; Task Force, 1996) yielded comparatively higher reliability than studies that used wider (e.g., 0.20-1.00 Hz; Gentzler et al., 2012) or narrower (e.g., 0.20-0.30 Hz; Mezzacappa et al., 1997) bandwidths. Recommendations for pediatric HRV bandwidths only exist for HF among infants and toddlers up to age 4 years (i.e., 0.30-1.30 Hz for infants, Fox & Porges, 1985; 0.24-1.04 Hz for children under 4 years, Bar-Haim et al., 2000) ; these wider frequency bandwidths capture the influence of faster and more chaotic heart rate and respiratory patterns. Results suggested that the frequency bandwidths recommended for adults may not be unsuitable for deriving reliable measures of HF and LF among children and adolescents. Importantly, although the use of adult frequency bandwidths was associated with higher reliability, this result does not imply these HRV measures are necessarily valid. The lack of frequency bandwidth guidelines for use among children and adolescents is a noted gap in the literature. Thus, it is recommended that future research compare HRV measures across a range of frequency bands to determine an optimal bandwidth for frequency-domain measures obtained from children and youth. Systematically examining these measurement and methodological nuances will facilitate maximizing the psychometrics and interpretability of pediatric HRV data, and may culminate in the establishment of pediatric HRV recommendation guidelines.
Limitations
There are three limitations that merit consideration. First, failure to report key methodological details was pervasive in the pediatric HRV literature. Thus, the results must be interpreted in light of the coding decisions. The initial selection of which moderator variables to code was informed by recommendations in HRV guidelines (Berntson et al., 1997; Task Force, 1996) , the wider HRV methodology literature, and decisions used in a similar methodological review (Heathers, 2014) . Due to the available data, several moderator variables of interest had to be collapsed into broader categories than initially planned. For example, rather than being able to precisely code the time of the ECG recording, reported information limited the coding to merely "same" versus "different" recording time categories. As another example, exact ECG sampling rates were often not reported, so coding was constrained to the categories of < 500 Hz, ! 500 Hz, or unmentioned. These reporting limitations precluded examination of several moderators, as well as nested moderator analyses, that may have explained remaining heterogeneity or elucidated potential moderator interactions. Relatedly, the preponderance of studies only reported HF, thus, the reliability of time-versus frequencydomain measures could not be meaningfully compared.
Second, the present meta-analysis focused on short-term, daytime measures of time-and frequency-domain HRV obtained from baseline recordings. Future studies should examine pediatric HRV reliability among measures derived using longer ambulatory recordings (e.g., 24 hr), alternative analytical methods (e.g., geometric, wavelet, entropy), and reactivity protocols, each of which have been associated with health outcomes. Future efforts to replicate these findings using HRV data derived under different analytical contexts are warranted to determine the generalizability of these findings.
Third, examinations using fixed-effects meta-analytic models may limit the generalizability of these results compared to random-effects models, which assume that effect size variability is due to both random variance and sampling error (Rosenberg et al., 2000) . Post hoc randomeffects analyses (not shown for parsimony) generally yielded smaller effect sizes, nonsignificant heterogeneity analyses, and fewer significant moderators. However, the difference in effect sizes magnitude was typically small, moderate reliability was still generally observed, and most moderator variables remained significant across fixedand random-effects models. Given that the coded variables captured the range of possible methodological options, a fixed-effects model was considered appropriate.
Conclusion
Taken together, this meta-analysis demonstrates that timeand frequency-domain HRV measures exhibit moderate and generally robust reproducibility over time, and provides initial empirical support for the application of certain adult guidelines to pediatric studies. Reliability among child/ adolescent studies was significantly higher compared to infant/toddler studies. Greater reliability among infant/ toddler studies was largely associated with sample exclusion criteria (medical illness/condition, prescription medications); prerecording acclimatization periods; recording ECG while participants are awake and seated; and, analyzing HRV using multiple epochs. Greater reliability among child/adolescent studies was largely associated with sample exclusion criteria (medical illness/condition); smaller proportion of males; longer recording durations; prerecording acclimatization periods; and, age-specific frequency bandwidth selection. Consistent with HRV guidelines, it is recommended that pediatric HRV study authors report precise protocol details (e.g., recording time of day), sample characteristics (e.g., anthropometrics, pubertal status), ECG signal recording and preprocessing details (e.g., ECG sampling rate, artifact editing), and HRV analytical decisions (e.g., length of recording duration analyzed, epoch length). More rigorous reporting would facilitate research standardization, improve the interpretability and replicability of study findings, and permit more comprehensive meta-analytic comparisons in the future. Overall, these meta-analytic results have potential to make important empirical contributions by informing future researchers about the salient factors relevant to pediatric HRV methodology, extending current guidelines to include consideration of changes in HRV across childhood development (e.g., pubertal growth), and ultimately improving HRV psychometrics across studies of adult and pediatric health.
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